INTRODUCTION
In eukaryotic cells, movement of proteins between different subcellular compartments is a highly regulated process mediated by many different factors, including SNAREs and SNARE attachment proteins (Gerst, 1999) , small GTP-binding proteins (Pfeffer, 1996) , and vesicle tethering factors (Whyte and Munro, 2002) . Tethering factors can be categorized as long, coiled-coil proteins (e.g., p115, Uso1p, and GM130/golgin-95) or multisubunit protein complexes that physically link the vesicles and the target membranes upstream of membrane fusion and are believed to significantly contribute to the specificity of the transport reaction (Lowe, 2000; Whyte and Munro, 2002) . How the different types of tethering factors contribute to the overall specificity of this process is presently unknown.
Transport protein particle (TRAPP) complexes I and II are required for tethering endoplasmic reticulum (ER)-derived vesicles to Golgi membranes and for Golgi traffic (Cai et al., 2005; Sacher et al., 1998 Sacher et al., , 2001 . The complexes localize to the Golgi compartment, where they recognize and capture transport vesicles destined to fuse with this organelle (Sacher et al., 1998 (Sacher et al., , 2001 . The yeast TRAPP I complex consists of seven different proteins (Bet5p, Bet3p, Trs20p, Trs23p, Trs31p, Trs33p, and Trs85p) , while TRAPP II contains three additional subunits (Trs65p, Trs120p, and Trs130p) . The mechanism by which the TRAPP complexes mediate the tethering process is unknown, although in yeast, it may involve the exchange of guanine nucleotide on Ypt1p, a Rab GTPase family member (Jones et al., 2000; Wang et al., 2000) .
The structures and functions of the TRAPP subunits are being elucidated. The structure of sedlin (the mammalian ortholog of yeast Trs20p) revealed an unexpected similarity to the structures of the N-terminal regulatory domain of two SNARE proteins, Ykt6p and Sec22b, suggesting that sedlin may play a regulatory role in the pairing of SNAREs in the early secretory pathway (Jang et al., 2002) . Recently, we and others have shown that Bet3p plays a critical role in anchoring TRAPP specifically to the Golgi (Kim et al., 2005b; Turnbull et al., 2005) , a process that depends on both a flat, positively charged surface and a hydrophobic channel (Kim et al., 2005b) . Subsequently, we determined the structure of bet3 in complex with trs33. The tertiary structure of trs33 is closely similar to that of bet3 but lacks the hydrophobic channel seen in bet3 (Kim et al., 2005a; Turnbull et al., 2005) .
Clarification of TRAPP architecture will be a crucial step toward the elucidation of the virtually unknown molecular mechanism of the tethering process mediated by these complexes. Here, we report the molecular interactions between all six subunits constituting vertebrate and yeast TRAPP I. This led to the identification of the bet3-trs33-bet5-trs23 heterotetramer and the bet3-trs31-sedlin heterotrimer as the two stable subcomplexes of mammalian TRAPP I, and the crystal structures of these subcomplexes were solved. In contrast, the yeast orthologs of these proteins form a functional and stable six-subunit complex. Single-particle electron microscopy revealed that the yeast TRAPP I complex has an elongated, bilobal overall shape, which nicely accommodates the crystal structures of the mammalian subcomplexes. Together with the identification of the minimal unit required for Ypt1p guanine nucleotide exchange factor (GEF) activity, this detailed architectural analysis of the complete TRAPP I tethering factor allows us to present a model by which this complex imparts specificity in ER-to-Golgi traffic.
RESULTS

Formation of Mammalian TRAPP I Subcomplexes
In order to examine the network of interactions between the TRAPP I subunits, we utilized an in vitro system using purified individual subunits. We could purify a total of five subunits (bet3, bet5, trs23, trs33, and sedlin) to homogeneity but were able to detect only two binary interactions: the formation of the complexes between bet3 and trs33 and between bet5 and trs23. Because mammalian trs31 could not be expressed in E. coli, we resorted to the trs31 ortholog from zebrafish (hereafter referred to as trs31), which displays very high sequence identity (80%) with its mammalian counterparts. Coexpression of trs31 with bet3 resulted in the purification of a heterodimer between the two proteins. Because we suspected that some TRAPP subunits may interact with two subunits simultaneously, the bet3-trs33 and bet3-trs31 heterodimers were incorporated into the in vitro binding assay. As demonstrated by a glutathione S-transferase (GST) pull-down assay ( Figure 1A ), sedlin interacted strongly with only the bet3-trs31 heterodimer. In contrast, a GST-bet5 fusion protein interacted with the bet3-trs33 heterodimer and trs23, but not with any of the other proteins. Quantitation of the bands on the gel indicates a 1:1:1 stoichiometry for the bet3-trs31-sedlin complex and a 1:1:2 stoichiometry for the bet3-trs33-bet5 complex, consistent with their molecular sizes on a size-exclusion column (51 kDa and 71 kDa, respectively; Figure 1B ). Incubation of trs23 with the bet3-trs33-bet5 complex resulted in the production of a four-subunit complex. Gel filtration followed by electrophoretic analysis of the mixture indicated that one copy of bet5 in the three-subunit complex was slowly replaced by trs23 ( Figure 1B) . However, when bet3, trs33, bet5, and trs23 were coexpressed in E. coli, they readily formed a heterotetramer (86 kDa) with a 1:1:1:1 stoichiometry as estimated by gel filtration (data not shown) and confirmed by the structure determination as described below. The tetrameric complex did not interact with the bet3-trs31-sedlin complex in the analyses by gel filtration and GST pull-down. These observations strongly suggest that vertebrate TRAPP I is composed of the tetrameric and trimeric subcomplexes and that an as yet unidentified vertebrate subunit may link these complexes.
Expression of rTRAPP I
To investigate whether the corresponding subcomplexes can be produced with the yeast counterparts, we carried out coexpression experiments in E. coli rather than a similar in vitro binding assay because all hexahistidinetagged yeast orthologs were insoluble when expressed individually. The Trs85p subunit was omitted from these studies since it is nonessential to the function of TRAPP I. Of the remaining subunits, only Trs33p is nonessential. This subunit was included in these studies because (1) it interacts with Bet3p (Kim et al., 2005a) and (2) deletion of two nonessential TRAPP subunits can be lethal (Tong et al., 2001) . Indeed, upon coexpression of TRAPP I subunits, stable Bet3p-Trs33p-Bet5p and Bet3p-Trs31p-Trs20p complexes were produced ( Figure 1C) . Quantitation of the bands on the SDS gels indicated a 1:1:1 stoichiometry for both subcomplexes. While this stoichiometry was supported by size-exclusion chromatography for the Trs20p-containing subcomplex ($75 kDa; Figure 1C ), both size-exclusion chromatography ( Figure 1C ) and dynamic light scattering (data not shown) indicated that the Bet5p-containing complex was likely to be a dimer of trimers ($160 kDa). When each trimeric complex was coexpressed with Trs23p, stable tetrameric complexes of Bet3p-Trs33p-Bet5p-Trs23p and Bet3p-Trs31p-Trs20p-Trs23p were formed ( Figure 1D ), and both exhibited a 1:1:1:1 stoichiometry. Reasoning that Trs23p might serve to link the two heterotrimeric complexes together, we coexpressed all six yeast TRAPP I subunits using three dual-expression vectors. Strikingly, when all six yeast proteins were coexpressed, a stable complex was formed. Quantitation of the bands on the SDS gel indicated a stoichiometry of 2:1:1:1:1:1 with respect to Bet3p:Trs33p:Trs31p:Trs23p:Trs20p:Bet5p, supported by the apparent size of $170 kDa on a size-exclusion column ( Figure 2A ). The fact that Bet3p is present at twice the level of the other subunits is consistent with its interaction with both Trs31p and Trs33p and is consistent with an earlier study that showed the presence of at least two copies of Bet3p in TRAPP I . These results indicate that the six coexpressed TRAPP I subunits self-assemble into a recombinant TRAPP I complex herein referred to as rTRAPP I. The complex was not formed when the Trs23p subunit was omitted from the coexpression vector (data not shown), strongly suggesting that Trs23p links the two heterotrimeric subcomplexes together to form the rTRAPP I complex.
To verify that the six subunits are components of the same complex, we examined the peak fraction from the size-exclusion column by several methods. First, static light scattering suggests a monodispersed sample (data not shown). Second, the proteins migrate as a single band on a nondenaturing polyacrylamide gel (data not shown), suggesting that only one species is present in the fraction. Finally, the subunits bind to and elute from an ion-exchange column as a single unit (data not shown).
Functional Analysis of rTRAPP I
In order to validate any further structural analyses, it was necessary to show that rTRAPP I behaves similarly to TRAPP I purified directly from yeast (herein referred to as TRAPP I). It was previously shown that TRAPP I acts as a GEF for the GTPase Ypt1p (Jones et al., 2000; Wang et al., 2000) . We therefore tested whether rTRAPP I could exchange nucleotide on this GTPase. To assay for GEF activity, 3 H-GDP was bound to Ypt1p and the ability of rTRAPP I and various subcomplexes to release the bound, radiolabeled nucleotide was assayed. As a control, we also assayed Dss4p, a protein with a broad spectrum of GEF activity. As shown in Figure 2B , compared to Dss4p, rTRAPP I displayed potent Ypt1p GEF activity. The release of nucleotide was essentially complete within 5 min of addition of the GTPase. These results indicate that rTRAPP I is an assembled and active form of TRAPP I.
To narrow down the active region of rTRAPP I, we assayed the ability of subcomplexes to release nucleotide A) The indicated TRAPP components or heterocomplexes were incubated with GST-tagged bet5, sedlin, or trs23, and resin-bound proteins were detected by SDS-PAGE. The apparent sizes of the vertebrate and yeast subunits used in these studies are shown in the table to the right. (B) The mixture of sedlin and bet3-trs31, bet5 and bet3-trs33, or trs23 and bet3-trs33-bet5 was analyzed by gel filtration. Each of the relevant fractions is shown in the right panels and corresponds to the solid line traces to the left. Bands marked by asterisks are truncated forms of trs31 and bet3 as determined by mass spectrometry. The red arrow in the lower panel indicates the liberated bet5 from the bet3-trs33-bet5 complex. The apparent substoichiometric amount of trs23 on the gel indicates that the peak from the column is a mixture of bet3-trs33-bet5 and bet3-trs33-bet5-trs23. The apparent discrepancy in the amount of bet5 displaced by trs23 (lower panel, fraction 19) is most likely due to the instability and/or degradation of the monomeric bet5 protein. Figure 2C ). This strongly suggested that subunits in both of these subcomplexes are needed for this function. Indeed, the addition of Bet5p to the Bet3p-Trs31p-Trs20p-Trs23p subcomplex resulted in GEF activity ( Figure 2C ). The most reasonable assumption is that the subunits closest to Trs23p, the linker between the heterotrimeric subcomplexes, are required for this activity. Therefore, we needed to determine the arrangement of the subunits in the Bet3p-Trs31p-Trs20p-Trs23p subcomplex. Coexpression of Trs23-Bet5p-Trs20p did not lead to the identification of such a subcomplex. However, we could coexpress and purify the heterotetramer Bet5p-Trs23p-Bet3p-Trs31p ( Figure 2D ), suggesting that Trs23p links Bet5p to the Bet3p-Trs31p dimer with Trs20p bound elsewhere to the dimer. When we assayed this heterotetramer for GEF activity, we found that it was nearly as active as rTRAPP I in releasing nucleotide from Ypt1p ( Figure 2B ). The fact that rTRAPP I was slightly more active than Bet5p-Trs23p-Bet3p-Trs31p could reflect a slight difference in the structures of these subunits when found within the fully assembled complex. These results suggest that the minimal unit needed for GEF activity is Bet5p-Trs23p-Bet3p-Trs31p. Previous studies resulted in conflicting data as to whether TRAPP could also act as a GEF for the GTPases Ypt31p and Ypt32p, which function later in the secretory pathway than Ypt1p (Jones et al., 2000; Wang et al., 2000) . We found that rTRAPP I was incapable of releasing nucleotide from either of these two GTPases (data not shown), suggesting that TRAPP I is a GEF for only Ypt1p.
Structure and Intermolecular Interactions of the bet3-trs31-Sedlin Subcomplex
The structure of the bet3-trs31-sedlin subcomplex was determined at 2.1 Å resolution. The bet3 and trs31 monomeric structures are similar to each other except for the presence of an additional C-terminal a helix in trs31 (Figure 3 ; see also Figure S1 in the Supplemental Data available with this article online). However, a clear difference is that while bet3 has a prominent central channel that (A) All six TRAPP I subunits were coexpressed and fractionated by gel filtration. The peak at $170 kDa (leftmost peak) was analyzed by SDS-PAGE (inset) and represents the assembled rTRAPP I complex. A Bet3p doublet, seen here, is often seen when TRAPP I is purified from yeast (see Sacher et al., 1998 Sacher et al., , 2001 ). can fully accommodate a myristoyl or palmitoyl group covalently attached to a cysteine residue (Kim et al., 2005a (Kim et al., , 2005b Turnbull et al., 2005) , trs31 does not. Although trs31 exhibits 11% and 14% sequence identity with bet3 and trs33, respectively, the structure of trs31 is more similar to that of bet3 than that of trs33 ( Figure S1 ). The bet3-trs31 heterodimer interacts with sedlin in a side-by-side manner to form a flat subcomplex in which sedlin interacts predominantly with trs31 mainly by using two shallow grooves. One groove (referred to as groove A) is formed by a part of a2 and loop b4-b5 of sedlin and accepts a2 of trs31 ( Figure 3A and Figure 4A ). The other groove is formed by the C-terminal part of a1, loops a1-b3, and b4-b5 of sedlin. It accepts the a2-a3 loop of trs31 ( Figure 3A) . These interactions bury a solvent-accessible surface area of 742 Å 2 of trs31. At the bet3-sedlin interface, a conserved segment in loop a2-a3 of sedlin, which was proposed as a putative protein-binding motif (Jang et al., 2002) , is snugly docked to the hydrophobic groove of bet3 formed by helix a1 and loop b3-a4 ( Figure 4B ), burying a solvent-accessible surface area of 385 Å 2 . By interacting with the C-terminal helix of trs31, sedlin undergoes a conformational change in a1: a 6.5-turn helix in the complex, as opposed to a 4-turn helix in the isolated protein (Jang et al., 2002) . As a result, while free sedlin is structurally similar to the N-terminal regulatory domain of the SNARE proteins Ykt6p and Sec22b (Jang et al., 2002) , sedlin in the heterotrimeric subcomplex more closely resembles these SNAREs. The bet3-trs31 portion in the trimeric subcomplex has an unusually flat, wide, positively charged surface that is comprised of residues from both subunits ( Figure 3A) . The lysine and arginine residues in trs31 on this surface are nearly invariant in the metazoan orthologs ( Figure S2 ). Previously, a charge-inversion mutation of two conserved lysine residues (Lys24 and Lys96) on this surface of yeast Bet3p was shown to result in a Bet3p mutant protein that remained predominantly in the cytosol (Kim et al., 2005b) , and overexpression of TRS33, which also has a flat, positively charged surface, drove this mutant Bet3p to Golgi membranes (Kim et al., 2005a) . Given these observations, the flat surface of the bet3-trs31 complex is presumed to be the membraneproximal surface.
Structure and Intermolecular Interactions of the bet3-trs33-bet5-trs23 Subcomplex The structure of the bet3-trs33-bet5-trs23 subcomplex was determined at 2.4 Å resolution. The four subunits are arranged to form an unusually flat molecular complex through the side-by-side interactions between bet3-trs33 and bet5 and between bet5 and trs23 ( Figure 3B ). The structure of the bet3-trs33 portion in this subcomplex is virtually the same as that of the bet3-trs33 heterodimer reported earlier (Kim et al., 2005a) and is similar to the bet3-trs31 unit in the trimeric subcomplex. The bet5 subunit (145 residues) is composed of 5 b strands and 3 a helices that are arranged to form an a/ b fold, with the single b sheet sandwiched by the N-terminal a helix at one side and the C-terminal antiparallel a helices at the other side ( Figure 3B ). The folding topology and the number of secondary structural elements of bet5 are identical to those of sedlin (140 residues), which exhibits 10% sequence identity with bet5. The structure of bet5 is most similar to that of isolated sedlin (Jang et al., 2002) in the Protein Data Bank (ID code 1H3Q) and even more similar to that of sedlin in the trimeric subcomplex ( Figure S3 ). Although bet5 and sedlin are structurally similar, as are bet3-trs33 and bet3-trs31, bet5 binds to a surface of bet3-trs33 opposite to the interface of bet3-trs31 for binding sedlin in the trimeric subcomplex. As a consequence, the position of bet5 relative to bet3-trs33 in the tetrameric subcomplex is completely different from the position of sedlin relative to bet3-trs31 in the trimeric subcomplex ( Figures 3A and 3B ). Like groove A of sedlin, the corresponding groove of bet5 is shallow and accepts a2 of bet3 ( Figure 3B and Figure 4A ). In addition, parts of a2, a3, and loop a2-a3 of bet5 lean tightly against the hydrophobic groove of trs33 formed by the helices a1 and a4 and loop b2-a4 ( Figure 3B and Figure 4B ).
The trs23 subunit (219 residues) is composed of two domains ( Figure 3B ). One is a sedlin-like domain (140 residues), which is very similar to bet5 in the three-dimensional structure ( Figure 3B and Figure S3A ). While an alignment of the whole sequence of trs23 and bet5 showed only limited homology between the two proteins, a structure-based sequence alignment of the sedlin-like domain of trs23 and bet5 revealed that the two domains are similar not only in the length of the polypeptides but also at the primary sequence level (22% identity) ( Figure S3B ). The sedlin-like domain of trs23 and bet5 bind to each other primarily through the intermolecular packing of the a1 helices cradled by the gently curved intermolecular b sheet formed by the juxtaposition of the b sheets of the two subunits ( Figure 3B ). With the very high structural similarity and the extensive binding interface (1785 Å 2 ) between the two proteins, the bet5-trs23 heterodimeric interaction looks like a stable homodimeric interaction related by a 2-fold symmetry.
The other domain of trs23 (residues 23-101) is present in the middle of the polypeptide and is connected to the sedlin-like domain by two flexible loop segments ( Figure 3B ) whose electron densities are weak or missing. This domain exhibits barely detectable sequence homology to several PDZ domains, with the highest similarity to the sixth PDZ domain of InaD-like protein (INADL). However, the sequence similarity is limited to the C-terminal 40 residues ( Figure S4A ), as observed by others (Ethell et al., 2000) . Furthermore, the domain in trs23 does not have the Gly-Leu-Gly-Phe signature sequence of a classical PDZ domain. We therefore refer to the second domain in trs23 as the PDZ-like (PDZL) domain. This domain of trs23 interacts with bet3, but with poor shape complementarity at the interface involving two hydrogen bonds and a few van der Waals interactions. Since the interactions are weak and the peptide linkers between the two domains of trs23 are long and flexible, the PDZL domain is likely to have the freedom to move relative to the rest of the subcomplex.
Identification of Residues Critical for TRAPP I Function
Through mutational analysis, we identified Ala61 of bet3 (Ala73 in yeast Bet3p) as a critical residue in the function of TRAPP I. Mutation of this residue in the yeast protein to either leucine or aspartic acid resulted in an extremely sick strain or lethality, respectively ( Figure 5A ). Coexpression of these Bet3p mutants in E. coli with Trs33p and Bet5p or with Trs31p, Trs23p, and Bet5p indicated that the Bet3p-Bet5p interaction and the Bet3p-Trs23p interaction were disrupted ( Figure 5B , lanes 1-6). While Ala61 of bet3 is exposed in the trimeric subcomplex, this residue in the tetrameric subcomplex is completely buried by bet5 ( Figures 3A and 3B ). This indicates that the structurally similar Bet5p and Trs23p proteins interact with Bet3p via common Bet3p residues and further indicates that an assembled complex is vital for the vegetative growth of yeast. Since two copies of Bet3p are present in the complex, these interactions are not mutually exclusive.
We next examined the mutational effect of Thr136 and Tyr183 in Trs23p, which correspond to Thr151 and Tyr174 in trs23 located at groove A of this subunit ( Figure 3B and Figure 4A ). A Trs23(T136E/Y183D) double mutant was also found to be lethal in yeast ( Figure 5A ). While this mutated subunit was incorporated into the Bet5p-Trs23p-Bet3p-Trs31p complex ( Figure 5B , lane 7), the minimal unit required for GEF activity, this subcomplex failed to exchange nucleotide on Ypt1p ( Figure 2B) . Presumably, groove A (and perhaps surrounding regions) is responsible for the TRAPP I-associated GEF activity.
The PDZL Domain of trs23 Appears as a MetazoanSpecific Protein-Binding Module PDZ domains bind peptide segments, usually a C-terminal four-residue segment (Nourry et al., 2003) . A database search revealed that the second PDZ domain of syntenin in complex with an Asn-Glu-Phe-Tyr-Ala peptide is structurally most similar to the PDZL domain of trs23. In the syntenin PDZ domain, the Gly-Leu-Gly-Phe signature sequence lines a prominent cavity of this domain and forms a cradle of backbone -NH groups that charge balance the C-terminal carboxylate group of the bound peptide, which conforms to the classical interactions observed for the 20 other PDZ-peptide complex structures in the structural database. The cavity of syntenin also accepts the methyl group of the last residue (alanine) of the peptide. The corresponding cavity is present in the PDZL domain of trs23 ( Figure S4B ). However, this cavity is unlikely to interact with the -COO À group because the Pro35-Leu36-Asp37-Leu38 sequence instead of the Gly-Leu-Gly-Phe signature of the classical PDZ domains places the carbonyl oxygens of Leu36 and Leu38 into the cavity, which would cause electrostatic repulsion against the -COO À group, and it does not have an alternative feature to stabilize the -COO À group. Furthermore, the cavity of the PDZL domain is shallower than that of the syntenin PDZ domain. Since the cavity is predominantly hydrophobic, it is unlikely to bind a polar head group of the phospholipid bilayer. We suggest that the PDZL domain of trs23 is a protein-binding module, interacting with an internal segment of a protein.
While the sequence identity of five TRAPP subunits (bet3, bet5, trs31, trs33, and sedlin) is unusually high (27%-54%) between yeast and human, yeast Trs23p and human trs23 exhibit only 22% sequence identity. However, with the omission of the PDZL domain sequence based on the structure, human trs23 exhibits 45% sequence identity with yeast and fungal Trs23p ( Figure S5 ). The PDZL domain sequence is absent in the Trs23p proteins of single-cell eukaryotes, and the domain was thus newly added during the evolution of metazoans.
Electron Microscopy and Single-Particle Analysis of rTRAPP I As the next step in the structural characterization of TRAPP I, we examined the morphology of rTRAPP I by single-particle electron microscopy (EM). Images of negatively stained samples were recorded, and the complex was shown to be monodisperse and homogeneous in size and overall shape ( Figure 6A ), suggesting that the particles adsorbed to the carbon support film in a preferred orientation. We therefore had to record image pairs at tilt angles of 60 and 0 to obtain the different views needed to calculate a three-dimensional (3D) density map of the rTRAPP I complex with the random conical tilt approach (Radermacher et al., 1987) . We interactively selected about 9500 particle pairs and classified the particle images of the untilted specimen into 100 classes. Representative class averages are shown in Figure 6B . The differences seen between individual class averages may represent a different level of stain embedding, rotation of the particle about its long axis, or slight conformational changes. We then merged the images from three classes that produced very similar averages (about 1900 particle pairs) and calculated a 3D reconstruction of the complex ( Figure 6D ). The resulting density map had a resolution of about 30 Å as judged by Fourier shell correlation. The elongated complex, with approximate dimensions of 180 Å 3 65 Å 3 50 Å (length 3 width 3 height), has a bilobal organization. In the top view ( Figure 6D, top panel) the left lobe has a round shape, whereas the right lobe has a triangular shape, which was already observed in most of the class averages ( Figure 6B ). The two lobes each contain an additional smaller density, which come together in the middle of the complex and form the connection between the two lobes.
Docking of Crystal Structures into the EM Density Map of rTRAPP I
The two lobes of the single-particle reconstruction have very similar shapes. It was therefore not immediately evident how the crystal structures of the mammalian subcomplexes bet3-trs31-sedlin ( Figure 3A ) and bet3-trs33-bet5-trs23 ( Figure 3B ) should be fit into the density map of the yeast complex. To resolve this ambiguity, we labeled the rTRAPP I complex with Fab fragments against Trs33p. The class averages ( Figure 6C ) showed that the Fab fragments bound specifically to the rounder lobe of the rTRAPP I complex (left side in Figure 6D ). The round lobe must therefore represent the tetrameric complex composed of bet3-trs33-bet5-trs23, and the more triangular lobe the trimeric subcomplex composed of bet3-trs31-sedlin. This assignment was used to visually fit the crystal structures of the two subcomplexes into their respective densities ( Figure 6E ). The PDZL domain of mammalian trs23 is lacking in its yeast ortholog Trs23p and was therefore removed from the crystal structure for fitting into the EM map ( Figure 6E ). If included, the PDZL domain (E and F) The crystal structures of the mammalian subunits were fit into the volume of the yeast complex. The PDZL domain of trs23 is lacking in yeast Trs23p and was therefore removed from the crystal structure. If the PDZL domain is included for the fitting, it protrudes from the density map close to the middle of the complex ( Figure S6 ).
protrudes from the density map close to the middle of the complex ( Figure S6 ). The docking of the crystal structures into the density map revealed that the two subcomplexes interact with each other through contacts between bet3 and trs31 of the trimeric subcomplex and trs23 of the tetrameric subcomplex ( Figure 6F ). This orientation of the subcomplexes in TRAPP I is consistent with the ability to express and purify a Bet5p-Trs23p-Bet3p-Trs31p heterotetramer ( Figure 2D ) and the data showing that this subcomplex represents the minimal unit for Ypt1p GEF activity ( Figure 2B ). Our density map of the elongated complex appears to be rather flat, especially on the side expected to be in contact with the membrane (Figure 6D, side view) . Because of the good fit of the crystal structures of the subcomplexes into the EM density map, the flatness appears to be a real feature of the complex and does not seem to be due to specimen flattening, an artifact often encountered with negatively stained specimens (Cheng et al., 2006) . To compare the mammalian and the yeast TRAPP I complexes, we calculated homology models for the yeast proteins based on the crystal structures of the mammalian proteins and fit those into the density map of the yeast complex (see Figure S6) . The homology models produced a fit into the density map similar to the crystal structures of the mammalian subcomplexes, further corroborating the accuracy of our single-particle reconstruction.
DISCUSSION
The ability to produce large amounts of an assembled, functional TRAPP I complex allows for the examination of its biochemical properties, which was previously hampered by the low amounts of this complex in cells. Structural information is now available for six different vertebrate TRAPP subunits that can be divided into two families: the bet3 family composed of bet3, trs31, and trs33 and the sedlin family composed of sedlin, bet5, and trs23. The functional roles of the subunits would include (1) Golgi targeting/localization, (2) COPII vesicle capture, (3) GEF activity, and (4) regulation of the v-and t-SNARE pairing. One apparent function of bet3-trs33 and bet3-trs31 lies in the Golgi localization of the other subunits by forming tight subcomplexes of bet3-trs31-sedlin and bet3-trs33-bet5-trs23. Since the yeast six-subunit complex contains two copies of Bet3p, this complex may not depend on Trs31p and Trs33p for membrane targeting. In this regard, it is noteworthy that many of the basic residues on the flat surface of trs31 that are nearly invariant in the metazoan orthologs are not conserved in yeast Trs31p ( Figure S2 ), and charge-inversion mutations of conserved basic residues on the flat surface of Trs33p did not affect its targeting to the membrane (Kim et al., 2005a) . Consistent with a previous study suggesting that individual TRAPP subunits do not possess Ypt1p GEF activity (Wang et al., 2000) , we have shown that the minimal region of the TRAPP I complex required for this activity is composed of the subcomplex Bet5p-Trs23p-Bet3p-Trs31p. Interestingly, the strongest suppressors of the yeast bet3-1, bet3-3, and bet3-4 mutations are the BET5 and TRS23 genes Kim et al., 2005b; Sacher et al., 1998; M.S., unpublished data) , supporting a role for all three of these gene products in a common process. Given the involvement of groove A of Trs23p in GEF activity, it is likely that other highly conserved residues nearby are also involved in this function ( Figure 7A) , and preliminary data support this notion (M.S., unpublished data). Finally, we suggest that a putative function of the sedlin/Trs20p subunit lies in the regulation of SNARE pairing through interaction with the regulatory domain or SNARE domain of a SNARE protein (see below).
A Model for TRAPP I-Mediated Vesicle Tethering
The complete architecture of the TRAPP I complex allows us to propose a model for vesicle tethering at the Golgi ( Figure 7B ). Although the mechanism of vesicle tethering is unclear, it has been suggested that long, extended coiled-coil proteins such as p115, GM130/golgin-95, and the yeast Uso1p act by projecting lengthwise from the membranes to be fused (Lowe, 2000; Pfeffer, 1996; Waters and Hughson, 2000; Whyte and Munro, 2002) . We now know that if TRAPP I were to act by a similar mechanism, this would still leave $180 Å to be bridged for vesicle fusion. Furthermore, interaction of v-and t-SNAREs, to produce the fusogenic SNAREpin structure (Weber et al., 1998) , occurs over a length of 130-140 Å (Hanson et al., 1997) . Therefore, several models suggest that the extended vesicle tether needs to be removed from the site of fusion to allow the membranes to come into close enough proximity for SNAREpin formation to occur. We propose that the TRAPP I complex is anchored, through the Bet3p subunit, to the Golgi, thus essentially lying flat on the acceptor membrane ( Figure 7B ). In the initial vesicle-capture step ( Figure 7B , step 1), ''long-distance'' tethering would occur through the coiled-coil tethers such as p115 and GM130/golgin-95. The vesicle could then approach the Golgi by a bending motion in a hinge region of the coiled-coil tether, at which point it would be engaged by the TRAPP I complex ( Figure 7B, step 2) . Additional tethering could occur by interaction between Rab1-GTP and a cryptic Rab1-binding site on p115 that is exposed following binding to GM130/golgin-95 (Beard et al., 2005) . Our EM reconstruction predicts that the two copies of the Bet3p subunit will have their putative Golgi-interacting surface oriented on the same side of the TRAPP I complex. This would result in a long, flat surface, $65 Å wide, decorated with many conserved residues facing the cytosol ( Figure 7A ). Interaction of this surface with a vesicle component (Sacher et al., 2001) would then tether the vesicle to the Golgi at a distance of $50 Å , well within the range for SNAREpin formation. Activation of Rab1/Ypt1p ( Figure 7B , step 3) to recruit effector molecules followed by lateral diffusion of the TRAPP I complex from the region would then allow membrane fusion to occur.
This model assumes that Rab GTPase activation/inactivation must occur at least two times during this process. Indeed, p115 has been shown to interact with ER-derived vesicles in a Rab1-GTP-dependent fashion during the budding process (Allan et al., 2000) , long before the GTPase would encounter TRAPP I. The GEF responsible for activation of the GTPase at this stage is unclear and may not be as potent as TRAPP I. Inactivation of Rab1/ Ypt1p could then take place, and a conformational change in p115 (or Uso1p in yeast) would then allow it to (Berezin et al., 2004 ) is mapped on the surface of the juxtaposed vertebrate subcomplexes representing rTRAPP I, with magenta indicating the most conserved residues and blue indicating the least conserved residues. (B) A transport vesicle is first captured at a long distance by long, coiled-coil proteins (step 1). A bending motion in the nonhelical region of the coiledcoil protein brings the vesicle into close proximity to TRAPP I (step 2), which is anchored to the Golgi by an as yet unidentified mechanism. Upon recognition of an unidentified factor on the surface of the vesicle, the transport vesicle is more tightly tethered to the Golgi. Activation of Rab1/ Ypt1p (step 3) leads to recruitment of effector molecules to eventually enable fusion. Trs20p/sedlin may facilitate or regulate the actions of the SNARE proteins. Note that the cytosol-facing surface shown in (A) is oriented upwards in (B) (i.e., rotated 90
around the x axis).
interact with GM130/golgin-95 at the Golgi. Once the vesicle is engaged by TRAPP I as described above, a robust activation of Rab1/Ypt1p results in the concentration of other effectors of the GTPase to the region close to the docked vesicle and the conserved surface of the complex. The spatial and temporal integration of these components by TRAPP I could then allow for the eventual fusion of the vesicle with the Golgi. This model ensures that mass recruitment of other effectors of Rab1/Ypt1p occurs only after the vesicle is in close proximity to the Golgi. This model also ensures that the vesicle does not fuse with other compartments that might otherwise occur since GM130/golgin-95 has been reported to interact with several different GTPases and could conceivably tether the vesicle to different compartments (Moyer et al., 2001; Short et al., 2001; Valsdottir et al., 2001 ). The distinct cis-Golgi localization of TRAPP I Sacher et al., 2001 ) and the specificity of its GEF activity ensure that fusion will only take place at the appropriate compartment. In this respect, it is possible that the previously ascribed TRAPP GEF activity toward Ypt31p and Ypt32p (Jones et al., 2000) may reside in the unique TRAPP II subunits Trs120p and/or Trs130p.
Implications for the Disorder SEDL Mutations in the human trs20/sedlin protein have been implicated in the etiology of the skeletal disorder spondyloepiphyseal dysplasia late onset (SEDL) (Gedeon et al., 1999) . The crystal structure of this protein shows similarity to the N-terminal regulatory domains of the SNARE proteins Ykt6p and Sec22b (Jang et al., 2002) . These domains have been termed longin domains and are found in several other proteins. A recent report (Schlenker et al., 2006) suggested a generalized mode of interaction between longin domains and small GTPases and implied that sedlin/ Trs20p might be involved in the regulation of Rab1/ Ypt1p. Our results clearly show that removal of Trs20p from rTRAPP I does not significantly alter its Ypt1p GEF activity ( Figure 2B ), suggesting that sedlin/Trs20p is not involved in the regulation of Ypt1p function. The EM structure shows that the Trs20p subunit is found on the periphery of the TRAPP I complex, ''capping'' one end (Figure 6 ), and the pathogenic D47Y mutation remains exposed ( Figure 7A ). We propose that the pathogenesis of the D47Y mutation in sedlin is unrelated to TRAPP I GEF activity and likely interferes with a sedlin-protein interaction in which the interacting partner is yet to be identified. Along the a helix containing Asp47 is a highly conserved patch ( Figure 7A ) that corresponds to the groove of Ykt6p implicated in the binding of its SNARE helix (Tochio et al., 2001) . It is tempting to suggest that sedlin might influence SNARE function or interactions on opposing membranes after engagement of the vesicle by TRAPP I. Alternatively, sedlin may be the site of SNARE engagement, and the D47Y mutation may interfere with this crucial event. Our elucidation of the architecture of TRAPP I will serve as a strong foundation to address its role in SEDL and to identify factors that influence the function and localization of this complex.
EXPERIMENTAL PROCEDURES
Detailed experimental procedures can be found in the Supplemental Data.
Protein Production Mammalian Subcomplexes
All protein expressions were performed in E. coli BL21(DE3), and purifications were performed by a combination of metal-affinity, sizeexclusion and ion-exchange chromatography. Subcomplexes were formed either by expressing individual proteins or heterodimers, mixing them in vitro, and purifying the subcomplex by size-exclusion chromatography or by coexpression in E. coli.
Yeast rTRAPP I and Subcomplexes
The open reading frames for the yeast subunits were cloned in pairs into each of the three dual-expression vectors pETDuet-1, pRSFDuet-1, and pACYCDuet-1 (Novagen). The vectors were sequentially transformed into E. coli BL21(DE3), and expression was induced with 1 mM IPTG at room temperature overnight. The complexes were purified by a combination of metal-affinity chromatography and sizeexclusion chromatography.
Crystallization, X-Ray Data Collection, and Structure Determination The bet3-trs31-sedlin crystals grew from a mixture of 20% (w/v) PEG3350, 0.2 M MgCl 2 , 2% (w/v) benzamidine, and 0.1 M Tris-HCl (pH 8.0), and the bet3-trs33-bet5-trs23 crystals grew from a mixture of 20% (w/v) PEG3350, 0.28 M lithium sulfate, and 0.1 M Tris-HCl (pH 8.5). The bet3-trs33-bet5-trs23 structures were solved with SAD phasing using the programs SOLVE (Terwilliger and Berendzen, 1999) and RESOLVE (Terwilliger, 2000) with the use of the crystals of the selenomethionine-substituted proteins (Table S1 ). The bet3-trs31-sedlin structure was determined by molecular replacement with the CCP4 version of MOLREP (CCP4, 1994) using the structures of bet3-trs31 and sedlin as search models.
GST Pull-down Assay Mouse bet5, trs23, and sedlin were produced as GST fusion proteins. The fusion protein was prebound to glutathione agarose and incubated with the purified proteins or subcomplexes indicated, and bound protein was detected by SDS-PAGE.
GEF Assays
Assays were performed as described previously (Jones et al., 2000; Wang et al., 2000) using 0.1-0.5 mM rTRAPP I or subcomplexes.
Electron Microscopy and Image Processing
Protein samples (0.01 mg/ml) were negatively stained with uranyl formate as described (Ohi et al., 2004) , and single-particle reconstructions were calculated using the random conical tilt approach (Radermacher et al., 1987) .
Fab Labeling
Polyclonal antibodies against Trs33p were used to generate and purify Fab fragments. Labeling was performed by incubating rTRAPP I with Fab fragments at molar ratios ranging from 1:4 to 1:8 for 1 hr at 4 C in 20 mM Tris-HCl (pH 8.5), 200 mM NaCl, 2 mM dithiothreitol. The labeled complexes were imaged in negative stain. 
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